Abstract: Highly pathogenic (HP) avian influenza viruses (AIV) present an ongoing threat to the world poultry industry. In order to develop new AN control strategies it is necessary to understand the underlying mechanism of viral infection at mucosal respiratory sites. chicken and duck tracheal epithelial cells systems (TEC) were developed to study early host responses to AN infection on TEC. Infection of 2 week-old chickens and ducks with the highly pathogenic AN H5N1 CklHong Kong/220/97 and Egret/Hong Kong/757.2/02 viruses together with TEC early responses to infection suggest the induction of differential innate immune responses. Growth curves indicated that although chicken and ducks TEC supported viral replication and re-infection, the capacity of the two viruses to replicate was not equal. A 42K probes chicken microarray system used to characterize differences in gene expression between chicken tracheal epithelial cells infected with these two highly pathogenic AN identified expression of virusspecific molecular markers. The existence of dissimilar patterns of host gene expression as early as six hours post infection suggests that the differential growth characteristics of the two highly pathogenic AN in tracheal epithelial cells is preceded by distinct host responses.
INTRODUCTION
Outbreaks of highly pathogenic avian influenza (HPAI) of serotype H5N1 have originated in Asia and spread through several Middle Eastern, African, and European Countries in birds. Since 2002, these outbreaks have been characterized by unusually high pathogenicity, with some isolates capable of causing significant morbidity and mortality in wild birds and in mammals. Infection ofchickens with highly pathogenic avian influenza virus (HPAIV) CK!HK/220/97 and Egret/HK/757.2/02 causes 100% mortality [1] . Although differences in pathogenicity are normally minor in chickens, in ducks these isolates cause a range of effects from minor respiratory disease to 100% mortality [I] . Avian influenza virus (AIV) targets the epithelial cells of the upper respiratory tract [2, 1] . While in vivo systems are best for studying disease response, primary cell culture systems provide a valuable intermediate between animal studies and the use of cell lines to study under highly controlled conditions the mechanisms of infection and the immediate host responses. Recent progress in tissue culture methods has facilitated the isolation of epithelial cells from other species including mouse [3] , and human [4] . Isolation conditions and specialized media that support mammalian epithelial cell culture have been previously described [5, 6] . In order to identify early differences in host responses to infection with AIV of different pathogenicity, and to compare viral growth characteristics, we developed avian tracheal epithelial cells and microarray systems.
MATERIALS AND METHODS

Viruses and reagents
The highly pathogenic H5NI AIV A/CKIHKJ220/97 and A/Egret/HKJ757.2/02 were used in this study. Virus stocks were propagated in SPF embryonating chicken eggs. All experiments including work with animals, were performed in biosecurity level-3 Ag (BSL-3-Ag) facilities at the Southeast Poultry Research Laboratory (SEPRL), Agricultural Research Service, United States Department ofAgriculture (USDA), and all personnel were required to wear a powered air protection respirator with high efficiency particulate air (HEPA)-filtered air supply (3M1 M, St. Paul, MN). All tissue culture and chemical reagents were obtained from Sigma Chemical Company (St. Louis, MO) unless otherwise noted.
Pathogenicity studies in chickens and ducks
Two week-old SPF White Leghorn (G. gal/us dornesticus) (from SEPRL flocks) and two weekold 'White Pekin ducks (from MetzerFarms, CA) were inoculated intranasally (IN) to determine the pathogenicity ofthe two H5N I viruses, as previously described [7] . The birds were housed in self-contained isolation cabinets that were ventilated under negative pressure with HEPA-filtered air and maintained under continuous lighting. Feed and water were provided ad libitum. General care was provided as required by the Institutional Animal Care and Use Committee, as outlined in the Guide/br the Care and Use ofAgriculturalAnima/s in Agricultural Research and Teaching [8] . Groups of 10 birds, were inoculated with 0.1 ml of an inoculum containing 10°E ID,0 /ml of either virus and clinical signs of disease evaluated for up to 10 days.
Tissue dissociation and epithelial cell culture
Seventeen day-old embryonating SPF Leghorn chicken eggs or 24 day-old embiyonating duck eggs were used to harvest embryos and the intact tracheas were collected in phosphate buffered saline (PBS) using sterile technique. Tracheas were cut into 1 cm long sections and rinsed twice in PBS and 0.1% DL-dithiothreitol (DTT), and once each in PBS and Dulbecco's Modified Eagle's Medium (DMEM). The sections from 20 tracheas were incubated for-2 hours at 37°C in 20 ml dissociation solution (Minimum Essential Medium (MEM) containing 1% penicillin/streptomycin antibiotic, 0.2% type XIV protease from Streptomyces griseus, and 0.02% DNase). The reaction was stopped by addition of 5 ml foetal bovine serum (FBS) and cells were dispersed by repeated pipetting. The cell mixture was filtered on a 40 nm nylon cell strainer (BD Biosciences) and cells harvested by centrifugation at 200 x g. The cell pellet was resuspended in DMEM and applied to a 60/40/20% discontinuous Percoll gradient. The cell band was collected and pelleted by centrifugation at 290 x g, washed twice with PBS, and resuspended in a 1:1 solution of DMEM and bronchial epithelium growth media (BEGM, Cambrex, East Rutherford, NJ), supplemented with 1% each of L-glutamine and antibiotics (as previously described), with 5% BIT-9500 serum substitute (Stem Cell Technologies, Vancouver, BC). Twenty-four hours prior to tracheal tissue dissociation, 24 well tissue culture plates (BD, Franklin Lakes, NJ) were coated with 170j.il per well of 0.01% Type I collagen as per product specifications. Following tissue dissociation, cells were stained with trypan blue and viable cell counted using a hemacytometer and adjusted to a concentration of I x 10 cells/mi. Two hundred p1 of cell suspension were plated into each well collagen-coated 24-well plate and allowed to attach for at least 24 hours in the presence of BEGM.
Growth curves
At 24 hours post-plating. I x 10 TECs were inoculated with CK HKJ220/97 and EgretHK 757.202 \ I at an MGI of 0.005. Following adsorption for 1 hour at 37°C. non-adsorbed viruses were removed aie solution ofDMEM and bronchial epithelium growth media (BEGM, Cambrex, East Rutherford, NJ), supplen1eI1LI with 1% each of L-glutamine and antibiotics (as previously described), and 5% BIT-9500 serum substitute (Stem Cell Technologies, Vancouver, BC) were added. Cell supernatants were collected at 0. 12, 24, 36, 48 and 60 hours post-infection (HPI). Serial dilutions (1:10) of each supernatant were used to infect chicken embryo fibroblasts. To determine the titres of virus in cell culture supematants, three independent experiments were performed. Virus titres were determined by cytopathic effect (CPE) and reported as the 50% tissue culture infectious dose (TCID50). The TCIDSO assay end point was calculated by the method of Reed and Muench [9] Titres obtained from the three independent experiments were analyzed statistically by one-way ANOVA.
RNA isolation, reverse transcription, labeling, and microarray hybridization
Six hours post infection, RNA was isolated from TECs infected with AlVCKlHK/220/97 and Egretll-lKI757.2/02 at an MOl of 10 with TRIzol Reagent (Invitrogen, Carlsbad, CA) followed by LiCI precipitation. Ten pg of total RNA was reverse transcribed to eDNA and labeled with Cy3 or Cy5 using the Amino Allyl eDNA Labeling Kit (Ambion, Austin, TX). An array composed of 42,034 probes (65 nucleotides) and 6 additional probes containing AIV genes was designed in collaboration with Agilent Technologies (Santa Clara, CA) from coding sequences of the entire chicken genome. The genome was annotated by BLASTN analysis of the DNAsequenees against TIGR and GenBank non-redundant databases followed by BLASTX analysis of these sequences against translated protein of the RefSeq Release 20. Human and Mouse databases. A total of 22,364 probes were annotated with a probability E value of< 1.0e-4. Labeled eDNA5 were hybridized for 17 hours at 65°C with gene expression hybridization solution (Agilent, Santa Clara, CA). Slides were disassembled from their hybridization chambers in Gene Expression Wash Buffer 1 (Agilent) then washed for 1 minute in Gene Expression Wash Buffer I, and for 1 minute in Gene Expression Wash Buffer 2 (Agilent) as per product specifications.
Microarray data collection and analysis
Differential expression measurements ofinfected TEC were based on simultaneous two-colour hybridizations and scanning with a GenePix 4200A scanner and the GenePix Pro 7.0 data acquisition and analysis software (Axon Instruments, Molecular Devices, Sunnyvale. CA) was used for all normalization and statistical analysts of the output. Four slides from four independent experiments were analyzed. The intensity ratio of expression for each gene was calculated by dividing the measured virus Egret/HK/757.2/02 values (test channel) by the intensity of the virus CKIHKJ220/97 (control channel). All output with control channel values of less than 300.0 were not considered. Intensity-dependent normalization was used to reduce the ratios to the residual of the lowess fit of the intensity-versus ratio curve.
RESULTS
Intranasal (IN) administration of CKIHKI220/97 and A/Egret/HK/75 7.2/02 AIV resulted in 100% mortality of the 2 week-old chickens, whereas no mortality was observed in ducks inoculated with CKIHKI220/97. In contrast, A/Egret/HK175 7.2/02 induced 100% mortality in ducks (Table 1) . Because of the observed differences in virulence in ducks between these two AIV isolates, they were compared further.
Previously, tracheal epithelial cells (TEC5) were successfully isolated from embryonic chicken separated from other cell types by centrifugation in a Percoll gradient and characterized using microarray comparison of gene expression [10] . Here the use of this procedure has been extended to duck tracheal cells (Fig. 1) . To determine if chicken and duck TECs were capable of supporting viral growth with productive infection and virus dissemination, cells were infected 24 hours postplating with Egret/HK/757.2/02 and CKIHKJ220/97 AIV at an MOl of 0.005. Cell
Results show that TECs from both avian species support the growth of both viruses in vitro with titres rapidly increasing and reaching up to s log differences in EID 0 /mI, in comparison to time zero (Fig. 2) . Notably, the two viruses grow at different rates, with the less pathogenic virus (CK/HK/220/97) displaying an enhanced replication efficiency (2-3 log increase) in both duck and chicken cells. Despite intra-viral differential growth capacity, there were no significant differences in the titres of individual viruses in chicken vs duck TECs comparisons, suggesting that TEC from both avian species posses a comparable capacity to support viral replication (Fig. 2) . 'Number of dead ducks/number of inoculated or exposed ducks.
'Birds were inoculated intranasally with 105 EID50 of the viruses.
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V. Table 2 ). The Egret/HK/757.2/02 upregulated genes were mainly novel genes ofunknown function. Egret/HK/757.2/02 upregulated genes of known function included the neurotrypsin precursor motopsin; the solute carrier family 13; member 4 (Na(+)/sulfate cotransporter SUT-I), solute carrier family 6, the arachidonate 5-lipoxygenase (5-lipoxygenase) (5-1-0) and the CD27 binding Siva protein that inhibits activation of NF-KB and promotes T cell receptor mediated apoptosis [11] [12] [13] [14] . Genes preferentially expressed by the Ck/Hong Kong/220/97 virus (negative ratios) also included several unknown genes, as well as multiple ribosomal proteins including L6, L7a, L21, L24, 1-27a, L32, L38, LP 1, S2, S3a, Sl6, S26, SA associated protein, and the protein kinase C inhibitor Wpkci, among others. RNA was isolated at 6 HP!, reverse transcribed to eDNA, amplified, labeled, and analyzed by m Icroarray. Four slides from four independent experiments were analyzed as previously described. I hc numbers of differentially expressed genes (>2.0 fold up or down) between Egret/Hong Kong/757.2/02 (Cy5) or Ck!1-long Kong/220/97 (Cy3) were compared. BU422905  TC202470  TC206 120  CR390650  TC2 19612  BU285 118  TC226829  TC20606 I  BU220555  CR387588  BU335 121  CR389003  CR353818  CR338786  BU406049  CR390015  BX933269  TC205915  TC225467  TC223985  AJ85 1469  AF148455  L48915 
GenBank
DISCUSSION
The establishment of a chicken TEC in vitro system provides an invaluable new tool in the field of avian diseases. The ability to identify molecular changes using an in vitro model that represents the mucosal sites of early AIV infection in vivo will facilitate future studies of the mechanism of early host gene responses at the initial site of infection. This system will allow studies to be performed under highly controlled conditions, using large number of viruses and minimal resources. This advantage is ki,
C)j1ii It:t! animals are not as genetically uniform and readily available as the chicken.
Wild ducks are natural reservoirs of AIV and epidemiologic evidence and experimental infections show that domestic ducks are also susceptible to infection [15] [16] [17] . However until recently, Al viruses did not cause severe disease or death in ducks [15] [16] . In recent years, a number of Asian HPAI H5N1 viruses have been found to be pathogenic in ducks, however this pathogenicity appears to be dependent on the viral strain and the species of ducks tested. Here the use of microarrays to examine host responses under tightly controlled conditions (e.g. TEC) suggests that virus specific responses are induced very early during infection. Future comparison of chicken vs duck responses will likely facilitate the identification of duck specific responses and may lead to the recognition of disease resistance genes.
The induction of a large number of ribosomal genes by CklHong Kong/220/97 is notable as it suggests that an increased translational activity may occur in cells infected with this isolate and may explain the increased capacity of the virus to replicate. In contrast, the induction of other genes that may have systemic function, such as arachidonate 5-lipoxygenase, was observed with the Egret/HK/757.2/02. Five-lipoxygenase (also known as 5-LO orAlox5), is responsible for the production of leukotrienes. These are naturally produced eicosanoid lipid mediators, which affect the inflammatory response with different roles such as chemotactic effects on migrating neutrophils (LT134) and vascular permeability. Egret/HK/757.2/02 also induced the Siva protein, which inhibits activation of NF-KB and promotes T cell receptor-mediated apoptosis. Although it is premature to speculate how the expression of these genes will affect the outcome of infection, overall these studies have shown the suitability of the TEC model for replicating HPAI viruses and the usefulness of the microarray analysis for measuring early host responses following infection with avian influenza virus.
